A silver staining method was used to analyze the distribution of nucleolar organizer regions ( Ag-NORs) on chromosomes of 45 wild mice (Mus muscuhs) . The four subspecies represented were A4. m. musculus, A4. m. molossinus, M. m. castaneus, and M. m. bactrianus. Ag-NORs were observed near the centromeric regions of 11 chromosomes (4,8,9, 10, 11, 12, 15, 16, 17, 18, and 19), indicating a preponderance of Ag-NORs on smaller chromosomes. The first five loci have not been observed previously. It is suggested that a correlation may exist between the specific features of mouse Ag-NORs and the events involved in intra-and interchromosomal homogenization of rDNA.
Introduction
Genes for mouse ribosomal RNA (rDNA) are present in the genome as lOO-200 copies and show a multichromosomal distribution of nucleolar organizing regions (NORs) Dev et al. 1977; Winking et al. 1980) . In inbred mice, clusters of rDNA are usually localized on regions close to the centromeres. The number of copies of rDNA in a given cluster and in the entire genome varies among strains and among individuals of the outbred house mouse ). It appears that rDNA is localized on mouse chromosomes 12, 15, 16, 18, and 19 (Henderson et al. 1974; Elsevier and Ruddle 1975; Atwood et al. 1976) in several inbred strains and in wild mice belonging to Mus mus domesticus. However, in some wild mice, the spectrum of chromosomes that harbor NORs differs from that in A4. m. domesticus. For example, cultured cells originating from individuals of M. m. molossinus had NORs on chromosome 17 (Dev et al. 1977) , and some mice with Robertsoniantranslocation chromosomes had NORs on telomeric regions of chromosomes 4 and 13 (Winking et al. 1980 ). At present, nothing is known about the mechanisms responsible for this variation in the distribution of NORs.
The house mouse (M. musculus) had much genetic heterogeneity, characterized by the development of several incompletely isolated populations throughout the world (Schwartz and Schwartz 1943; Marshall 198 1; Sage 198 1; Thaler et al. 198 1) . We have already characterized the rDNAs of several subspecies of M. musculus by restriction-fragment-length polymorphism (RFLP) and have shown homogenization of rDNA, mainly at the level of certain groups of subspecies (Suzuki et al. 1986 ). Thus, we have classified wild mice into three or four distinct subspecific groups, designated domesticus-brevirostris, musculus-molossinus, and castaneus-bactrianus or castaneus and bactrianus (Suzuki et al. 1986) .
Using a silver staining method, by which chromosomal regions that harbor transcriptionally active clusters of rDNA ( Ag-NOR) can be detected (Goodpasture and Bloom 1975 ) , we have investigated the distribution of Ag-NORs in chromosomes of wild mice of the castaneus-bactrianus and musculus-molossinus groups, examining a total of 45 mice. In the present report we discuss, on the basis of variations at both the chromosomal and the DNA level, the evolution of rDNA in the house mouse M.
musculus.

Material and Methods Animals
Wild house mice (Mus musculus) were trapped in the various localities listed in table 1.
Preparation of Chromosomes
Mitotic cells were obtained from bone marrow. Metaphase chromosomes were spread at 20°C, under conditions of 65% humidity, by the routine air-drying technique after hypotonic treatment with 0.56% KC1 and fixation with ethanol:acetic acid (3: 1). Well-spread metaphase cells were subsequently used for analysis of locations of rDNA on chromosomes by a silver-staining technique (Howell and Black 1980) and by the technique of in situ hybridization described below, after Hoechst-quinacrine staining (Yoshida et al. 1975) . Chromosomes were identified according to the standard karyotype of Nesbitt and Francke ( 1973 ) .
Hybridization Analysis
For in situ hybridization, the method of Harper and Saunders ( 1982) ) with some modifications (Mattei et al. 1985) , was used. A mouse rDNA fragment (see Suzuki et al. 1986 ) was employed as probe.
Results
Identification of Ag-NORs on Chromosomes
Using the silver staining method, after Hoechst-quinacrine staining for identification of chromosomes ( fig. 1) , we investigated the distribution of Ag-NORs on metaphase chromosomes from 22 mice collected in various localities throughout the world (table 1 ), as well as from 23 mice collected at various locations in Japan. All of the silver grains observed were distributed on regions near the centromeres of chromosomes. Table 2 summarizes the findings from our investigation of the frequency of appearance of Ag-NORs on each chromosome from each individual.
Although it has been reported elsewhere that Mus musculus (2n = 40) has AgNORs on chromosomes 12, 15, 16, 17, 18, and 19 (Henderson et al. 1974; Elsevier and Ruddle 1975; Atwood et al. 1976; Dev et al. 1977) , in the present study we found five new loci of Ag-NORs on chromosomes 4, 8, 9, 10, and 11 . In addition, some mice-e.g., Mus-Blg3 and MOA (individuals 9 and 30 in Suzuki et al. 1986 ). b Restriction-site haplotypes of mtDNA (see Yonekawa et al. 1988 ). ND = not determined.
When the silver staining was examined in individual cases, the frequency of silver grains usually varied from chromosome to chromosome. On the basis of the results of in situ hybridization for four individuals, as shown in figure 2 , it appeared that most of the variation in the relative frequency of appearance of Ag-NORs, between nonhomologous chromosomes, was due to variation in the copy number of the rDNA repeating units, but some variation might also occur for other reasons, such as inactivation of transcription in some rDNA clusters (see Babu and Verma 1985) , as well as technical limitations.
In addition, the results indicate that variation in the number of silver grains on homologous chromosomes is greater in wild-caught mice than in the partially inbred descendants of wild mice that have been established as laboratory strains (table 2) . In wild mice the proportion of silver-grained chromosome pairs that are in heterozygous condition is 45.1% [standard error (SE) +4.7%; n = 141, while in mice from stocks that have been bred for 210 generations in the laboratory the value is 22.2% (SE +4.00/o; n = 12). These values are significantly different at P < 0.05. These results indicate that, in a natural population, the number of copies of rDNA in particular clusters fluctuates among homologous chromosomes, as well as among nonhomologous chromosomes. However, since the variation within chromosomes was also evident to some extent in the similar inbred mice, it must also occur for other reasons, such as inactivation of transcription from one member of the pair of homologous chromosomes, as well as because of technical limitations.
Polymorphism Within and Between Subspecies
Mice of the subspecies M. m. molossinus, collected in various places in Japan (localities 14-24 in table 1) , were similar with respect to the RFLP patterns of their rDNA (Suzuki et al. 1986 ). In these mice, however, the distributions of Ag-NORs were clearly different from one another, as shown in table 2. In contrast to the uniformity of rDNA RFLPs, the distribution of Ag-NORs was very heterogeneous within subspecies.
Some differences in the frequency of Ag-NORs (number of silver grains) on each chromosome between the.subspecies groups were observed, as shown in table 3. For example, the incidence of appearance of Ag-NORs on chromosome 12 in the castaneusbactrianus group was significantly higher than that in the muscuhs-molossinus group.
Discussion
Several Features of the Localization of Ag-NORs on Mouse Chromosomes
It has been reported that Mus musculus, with 40 acrocentric chromosomes, has NORs on the smaller autosomes-namely, 12, 15, 16, 17, 18, and 19 (Henderson et al. 1974, 1976; Dev et al. 1977) . In our analysis of silver staining of chromosomes from 45 individual wild mice,-.five new loci for Ag-NORs were found, on chromosomes 4,8,9, 10, and 11 (table 2) ; The Ag-NORs were frequently observed on chromosomes 11, 12, 15, 16, 18, and 19 (major loci) , were rarely observed on chromosomes 4, 8, 9, 10, and 17 (minor loci) , and were distributed on a total of 11 different chromosomes in M. musculus.
To compare levels of dispersion of Ag-NORs on different chromosomes between subspecies groups, an estima$e of chromosomal diversity of Ag-NORs was used, by analogy with gene diversity; as discussed by Nei ( 1987, pp. 177-183) : Ag-NOR chromosomal diversity = 1 -2.x: , where xi is the relative frequency of the silver grains on the ith chromosome in the genome. The SE was calculated according to the method described by Nei ( 1987, p& 180-183) . The values of the Ag-NOR chromosomal diversity were 0.858 in the castaneus-bactrianus group and 0.835 (SE kO.025) in the musculusvvolossinus group, and for these groups combined the value is 0.862 (SE kO.015) (table 3). These estimated values were higher than those for most other species, including humans and rats. In the case of 40 individual humans sampled in Moscow (Zakharov et al. 1982) , the value was 0.799 (SE kO.008). In 16 inbred rats (Sasaki et al. 1986 ), the value was 0.665 (SE 40.02 1). In the case of Japanese field mice, Apodemus speciosus, the extent of dispersion is nearly zero; that is, all samples examined from several different localities had Ag-NORs on only the one pair of chromosomes (H. Suzuki, K. Tsuchiya, S. Wakana, M. Sakaizumi, K. Moriwaki, and S. Sakurari, unpublished data). Although there is no evidence for it, . . . . . . . . . . . . . . . . . . . . . . . . . . ..~..................................................... 44) . Note that the lower levels (i.e., -5%) of grain distribution after in situ hybridization may be attributable predominantly to technical limitations. Abscissa = chromosome number; ordinate = relative frequency (in %I ) of occurrence of silver grains per haploid genome. ' Estimated Ag-NOR chromosomal diversity = 0.858 (SE kO.056; n = 6). b Average numbers of silver grains for each chromosome for each locality. When more than one individual was analyzed for a particular locality, the average value is used as representative of the locality.
c Relative frequency of silver grains on each chromosome in the genome. d Estimated Ag-NOR chromosomal diversity = 0.835 (SE kO.025; n = 18). ' Mann-Whitney's U-test was applied. f Estimated Ag-NOR chromosomal diversity = 0.862 (SE kO.015; n = 30).
* P < 0.05, in comparison with the castaneus-bactrianus mice.
** P -C 0.01, in comparison with the castaneus-bactrianus mice.
the large dispersion of Ag-NORs in the Asian house mice is probably due to various factors, such as the history of the species, their karyotype, the structure of rDNA, and so on. The distribution of Ag-NORs on chromosomes was quite different from individual to individual, even within the same subspecies, as shown in table 2. It is also different between the subspecies studied (table 3 ) . Although Ag-NORs are frequently observed on chromosome 11 in mice that belong to the musculus-molossinus and castaneusbactrianus groups (table 2 ) , -50% of chromosome 11 being positive for Ag-NORs (table 3) , there are no reports of the presence of NORs on chromosome 11 in the several inbred strains derived from the European subspecies M. m. domesticus. It has been suggested that the subspecies of M. musculus diverged l-2 Mya (Moriwaki et al. 1979; Yonekawa et al. 198 1, 1988) . Hence, it appears that the ancestor had at least six loci for Ag-NORs-i.e., on chromosomes 11, 12, 15, 16, 18, and 19-and that the Ag-NOR locus on chromosome 11 then became extinct in M. m. domesticus. Volleth ( 1987 ) has reported clear differences in the patterns of Ag-NORs in several species of Myotis, which are otherwise distinguishable by only a few, easily detectable differences in their G-banding patterns. These results indicate that the loci of Ag-NORs in some species are unstable and that Ag-NORs can change their chromosomal locations without any distinct alteration of karyotype during the evolution of species.
Evolutionary Implications of the Distribution of Clusters of rDNA in Mice
Although it is difficult to explain a biased distribution of Ag-NORs on the smaller chromosomes, the multichromosomal locations and the localization in centromeric regions of mouse Ag-NORs may be explained by the model of concerted evolution (see Ohta 1980, pp. 10-13; Dover 1982; Nei 1987, pp. 128-134) . In this model, the number of copies of rDNA fluctuates by means of unequal crossing-over, and this process generates homogenization of different copies of DNA sequences. Our previous study of variation in mouse rDNA (Suzuki et al. 1986 ) supports this hypothesis. We previously documented the homogenization of rDNA that was occurring among whole units of the genome within various genetic groups of wild mice (Suzuki et al. 1986 ) . For example, with respect to the length of particular EcoRI fragments, which contain the 3' end of the 28s rRNA genes, almost all members of the rDNA family in the samples of M. m. muscuZus examined were 9.0 kb in length, whereas those in A4. m. domesticus were 6.6 kb (Suzuki et al. 1986 ). Therefore, it appears that entire rDNA units included in both the major and minor Ag-NOR loci have accumulated the variant EcoRI sites by means of intra-and interchromosomal homogenization mechanisms at the time of subspecies differentiation, -l-2 Mya, as mentioned in the preceding paragraph. It is also possible that unequal crossing-over near centromeres or telomeres, in the case of exchange between acrocentric chromosomes, might mediate the interchromosomal sequence homogeneity of rDNA (Arnheim 1983) . Such events would result in a widespread distribution of NOR loci. The preferential localization of rDNA near the centromeric region in house mice with 40 acrocentric chromosomes may result from such interchromosomal homogenization events.
